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MULTIPLEX RPNSQR A ND METHOD OF USE 



a ^nurriRnUND Q P THF INVENTION 

1 Field of t h» Invention 

5 The present invention relates to devices and methods for measuring the 

concentration of one or more analytes in a biological sample. More specifically, 
this invention relates to devices and methods for the noninvasive determination 
of analyte concentrations in vivo, e. g., glucose concentrations in blood. 

10 ? Discussion of the Art 

Diabetes: Incidence, Effects and Treatment 

Diabetes mellitus is a chronic disorder of carbohydrate, fat, and protein 
metabolism characterized by an absolute or relative insulin deficiency, 
hyperglycemia, and glycosuria. At least two major variants of the disease have 
1 5 been identified. "Type I" accounts for about 10% of diabetics and is 

characterized by a severe insulin deficiency resulting from a loss of insulin- 
secreting beta cells in the pancreas. The remainder of diabetic patients suffer 
from "Type II", which is characterized by an impaired insulin response in the 
peripheral tissues (Robbins, S. L. et al., Prtth . PlQg . iC Basis Of Disease , 3rd 
20 Edition, W.B. Saunders Company, Philadelphia, 1984, p. 972). If uncontrolled, 
diabetes can result in a variety of adverse clinical manifestations, including 
retinopathy, atherosclerosis, microangiopathy, nephropathy, and neuropathy. 
In its advanced stages, diabetes can cause blindness, coma, and ultimately 
death. 

25 The principal treatment for Type I diabetes is periodic insulin injection. 

Appropriate insulin administration can prevent, and even reverse, some of the 
adverse clinical outcomes for Type I diabetics. Frequent adjustments of the 
blood glucose level can be achieved either by discrete injections or, in severe 
cases, via an implanted insulin pump or artificial pancreas. The amount and 

30 frequency of insulin administration is determined by frequent or, preferably, 
continuous testing of the blood glucose level. 
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necessary for diabetics to avo* or redu > *> , he 
nypoglycemia and hyperglycemia To achieve « ^ ^ 

American Diabe.es Assoca, on 'eco-mends ,h ^ ^ 

ST^Ti^^^ ,o combat .be effects o. diabe.es. 
reiy on .be ^^^^Z^Z™ 

^::z ^rr^r^r ^ r ^ r o,«ces , s , e 

lmp.an.ableb.osen ^ Moatti . S ira.. V. Poitout, D. 

measurement. (G.S. Wilson, r. a. , B ifii3(1992» 

B Thevenot, F. Lemonnier, and J.-C, Klein, Cm. Chem. 38. 1613 (1992)^ 
Biosensors are electrochemical devices with enzymes immobilized a, the 
surface of an eiectrochemica. transducer. 

Minimally Invasive Glucose Measurement 

Portable -minimally-invasive" testing systems are now commercially 
, available Ty tems'reguire tbe pa.ien, to sticK tbemselves to obtam a drop 
of blood wbiob is then applied to a disposable test strip containing coated 

"T^rSS^^ - ~ -P. -» ~ ,e 
pZTttl 00-$200) the cumulative cost to diabetics tor the disposable 
5 ^Z^ ^ Oo^ce is another mai or problem tor minirnaHy 
.5 strips is c °" 5 Freauen t finger sticks are painful and can result in 

STS:^ ~ - - -TaT po,en,ia " y 

biohazardous test strips is ye. ano.ber problem with .his method. 

Noninvasive Glucose Measurement 

■■Noninvasive ' (Nl) glucose sensing techniques measure in-vivo glucose 
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~ t \*r rpnion of the body with electromagnetic 
concept invokes *~™*^,Z£Z* results ftom one o« tour 
radiation and measunng the «P"*~™ , ^ MMt or em ission. The extent to 
prima ry processes: reflectron. upon a variety o. .actors. 

calibration curve or by reference to a P^^° measurements in the 

examination. A brief description of non.nvas.ve glucose mea 
10 prior art is provided below. 



Description of the Art 
Infrared 
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,n, ' are N1 .ecttnicues ,na, utilize me absorption oUntrared Ration can be 

divid ed into tbree ~ 

(MIR) and Far-rntrared (FIB). As de « • vss wavelengtn 
range o« trom about 600 nm to (he 
range o. from about 1200 nm to ^ about 3000 nrn^a 

600 nm to about 25000 nm. 

NIR m c n R R ??9 5 324 979, 5,237,178 describe a number of 

Patent Nos. 5,086, d/iv, o,ot**i«" °< 

nonin^MIH—entsand.et^ 

n^rr=i.;^ 

detected by one or more deteotors. A glucose level » denved from a 
companion to re.erence spectra tor glucose and bacKground mterterants. 



30 



The ose ot MIB radiation tor N, ^^SoT^». Tbe 
It tor tbe except tba, tbe 
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oon.igura.ion wherein soared a a »«* a 

sample as the entry pornt of the mo den (he sample and 

rr r s rr^r - - - - - 

radiation. 

RR ont , have been described in U.S. Patent Nos. 5,313,941 , 

, m ™;^^« and DE 4242083 - 

Photoacoustic Spectroscopy ..shc (PA^ 

an aeoustio pressure wave wh.oh measu » y ^ ^ 

D and ,h xr — e :.:rp, 0 yin g *. ^-rtssr been 

de sor,Ped Py Ouan e, a, ,,M . Oua.aB • No. 
P.Hodgson, Phys. Med. Biol.. 38 PP 



25 



3(1 



5 ' 348 'o 02 ' t «. ms 5 348 002) provides a PA detector and an optical 
de(ec( ^v er^e andUoc t o, ^Z^^T 

the diverging output of an optica fiber p ope ration than are 

present invention is more sensitive and more efficient op 
the device and method of Caro. 
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As defined herein "scattering" includes Rayleigh. Mie. and Raman 
scattering G.ucose decreases the intensity o. Mie scattering by decrease the 
e"e index difference between the extracelluiar tluid (EOF) and ceU 
, ~anes. Gratton e, a,. (U. 8. Paten, No. 5.497,769) have proposed a 
Tensor based upon this ettect; however, the slgna. to no.se ratto .or ,h,s 
Unique is expected to be inadequate tor giuccse measurement. 

Raman scattering . 

U S Patent No. 5,553.616 teaches the use of Raman scattermg w.th 
• ,„roH nan nml and an artificial neural network for 
° ma T:llZZ^r^Z ^ bands ,ha, are distinct trom protein 
22 n bands may " hosen, however, the sensitivity o, this method limits its 

measurements. WO 92/10,31 discusses .he appUcalron 
Jsumuiated Raman spectroscopy tor delecting the presence o, glucose. 

Methods for the determination of glucose concentrations us.ng changes 
in the potion of light are described in Internationa. 
• 92/10131 , WO 93/07801 , WO 94/02837. WO 94/059 ^ WO W ™™ 
U. S. Patent Nos. 4.882.492. 5.086.229. 5.209.231 . 5.218,207. 5,321.265. 
20 5.337,745, 5,361 ,758, and 5,383.452. 

Emission 

As used herein, "emission" measurements are defined as ™ as ~ ,s 
ot fluorescence or phosphorescence. Emission =Pe«roscoP,c ™ easurema ms 
have been described in U. S. Pa,en, Nos. 5,341,805. 5.383.452, 5,626,134 
25 5,628,310. and 5.582,168. 

Challenges for Nl Glucose Measurement 

The Nl techniques listed above are painless, reagen.less. and are less 
expensive than the linger stick approach over the lite o, the pahent Nl testmg 
al e m na.es the po,en„ally biohazardous waste associa.ed with ,nvas,ve 
30 and llally invaJv e measuremen.s. However. Nl me.hods have no. ye, 
acnieved The level o, accuracy and precision ,ha, is required tor measunng 
physiologically relevan, glucose concentralions ,n-v,vo. 



5 



m 



WO 99/27848 PCT/US98/2496I 



A major change tor all of .ha noninvasive techniques to **£~*~> 
,„ co.lec. spectra, information with sufficiently high ^^12* case 
discriminate weak glucose signals from the underlymg no.se. In the deal case, 
5 a noninvasive sensor would be highly sensitive .or the parame er of .n.eres. 
L g glucose concenrration) while remaining insensitive to >M«9»^ 
or physiological parameters. In practice, all of the nonlnvas.ve nneasuremen, 
"echrlques described in the prior art are sensitive to one or more .nferfenng 
-physiological" or -spectral" variables. 

io Physiological and Spectral Variables 

'as used herein, the term "physiological variables" describes 
physical . parameters, such as temperature or pulsatile blood flov,, a can 
adversely affect the sensitivity or selectivity of a noninvasive measurement 
Examptes t several important physiological variables are listed m Table f 
, 5 below As used herein, the term "spectral variables" describes spectral 
TZes that arise either from poorly resolved analyte bands or 
medering component in fhe sample. Several significant sources of spectral 
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• , • , =„h soectral variables can introduce unwanted noise, or 
Physiological and spectral va g (hose 
worse, completely overwhelm the measure g ^ jnterierences 

, e ,a,ed to glucose "^^^^ |oUowing prope rties: 

beC T, TV Z — nearly to tne measured signal. 

(a) they may wjthjn the samp|e 

(b) they may vary with spaxiai 

(c) they may vary over time , or 

(d) ,ney may vary trom , and (d) sample-dependent 
0 Examples ol (a) nonlinear, (b) spatrai, I ^ 

interferences are briefly described below. 

(al Nonlinear Contributions infrared 
• .^mr^rature can have a nonlinear effect on the mfrared 
A change in temperature can n , requen cies of the dominant 

spe ofrum by altering the also modify ,he retractive 

, 5 water absorption band, A ^« * £ scattering prope rties o, the 
index of the sample which, in turn wui q| ^ 

sample. The effective optical path length wifl change and 
aforementioned change in scattering properties^ Tnu. p y 9 ^ ^ ^ 
spectra, parameters are often inseparab y »n ed a d ^ ^ a 

physiological or spectral variables. 

(b) inhomogeneous Distributions ^ spatig| 

Phy s,ologica, 0' spe = — » ^ importan , obstacle 
25 dimensions o, the sample^ of its mulfilayered, fhree-dimensiona, 

,or noninvasive sUatum corneum, the epidermis, and 

architecture. Human skin comprises the st _ |insd t0 a 



epidermis. 
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(c) Time varying oontnbudont logica , and spectral 

Referring again «o Tab.es 1 ^^^^JL a, a different 
variables may fluctuate over t,me and each vanable ^ 
freqU ency. Although the mechanisms ™*% lly unde P rst0 od. 

. varied, reasons, inciuding ^^^^^^ can 

~ a longer time -^££^2= ST" " 
a normal function of aging- These ch ng s ^ ^ 

(Schnider,S.L.,andKohn.R.R.. J-Ct.n. n and Kohn, R. R-. 

.creased time 

Exp. ° eron, ° l M 13 p (1 r f ^ ^ Swa ' nn , q a. Biochem. Biophys. Acta. 706, 
(Snowden. J. M., Eyre. D. R, ^ ^ and f|uorescent materials 

(1982) pp. 153-157), and the accumu Hon ■ * These changes 

, (La Bel,a. F. S„ and Pau, ^^^^ .he scatleling properties of 

rrv,r, a e° r < — e^ — — — 

r 1:^:1 and spectra, variabies may dmer from 
5 , nd , d Ia, ,0 individual -^^^^^2 — in fhe 
SSrr* « -o U or race (meianin confent, 

can dramatically affect noninvasive measurements. 

Signs, Processing glucose . depe nden, information in the 

50 ™" SEES -rom the physical and spectra, vadables 
HescTbed above skilled artisans in .he field have applied a vanety ol 
described aDove ' a | aori ,hms. These have included principal 

2T^rS^tU. - souares « PL S), and artificial neural 
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Tho rp - u , ts 0 f signal processing, however, are 
networks (ANN), among others. ^ G ^^ 6 J PLS an d ANN 
hi gh.y dependent upon the quality of t s artmg a^ 

algorithms are ^^^Z^^ « — * ^ 
with analyte concentrat.cn. However, t happen tQ 

varying fluctuations in P^ 0 ^'^^' without adequate 
correlate with changes in analyte concentrat , es> pLS and 

compensation for the effects of ^»j^J^ de misleading results. 
ANN algorithms can highlight such correlat.ons and pro 

Sfare of the Art +Q ^ h nini ips emDloved and the 

Thus, despite me variety ^ ™ P u2n .here is stil, 

ad vanced siona, ^^^^Z ZZsZ g lucose 
no commercially available device that pro metho ds. All 

precision and accuracy. imD roved noninvasive analytical 

T T Tmetho^" ";: I p £ 1-* «» same accuracy as 
instruments and methods tnat wm p T hPre is also a need for 

conventional, invasive blood glucose tests. _ ocliror nont of nlucose 
noninvasive, low-cos, methods and tor a durable, 

, eve ,s in diabetic or ^ 0 ^-^f ntally triendiy apparatus tor 

cost-effective, reagent-free, painless, ana en 

measuring blood glucose. 

5 

3ULirmnY QE the invents 

i « fundamental problem that has plagued 
The present invention so^es a undamenu -P noninvasive 
noninvasive measurements in the prior art. N«nrty. or y * ^ 
„ measurement pedormed on a >^ »^^t£ arameter(s) ot 
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above. physio.ogica. and spectra. Interferences are difficult to remove because 
they can exhibit any or all of the following propert.es: 

(a) they may ccntribute nonlinearly to the measured s.gnal, 

(b) they may vary with spatial location within the sample, 

(c) they may vary over time, or 

(d) they may vary from sample to sample. 

A will be described mors My below, ,he present invention measures 
the retted, scattered, absorbed, emitted, or transmitted light as a tuncuon o. 
ZZ e dimensions. As defined herein, a "dimension" ,s a meast , e quan, rt y. 
U can be related to light which is re.iected, scattered, absorbed, emttted or 

difference beLen the frequencies (or wavelengths) of light entenng and 
e xi,7g the sample a difference befween the polarization sfafes o, light entenng 
and exlg .he sample, fhe angle befween fhe light enfering and ex,„ng the 
cam ni 0 nr some other observable spectral property. 

S P A Zral dlnsion might include, for example, the duration o, time 
hefween he entry of light info fhe sample and .he ex„ o, light from he samp . 

,he duration o, fime between the ^^^^Z^Z* 
of a measured spectroscopy signal (e. g., acoustic energy), 
between spectroscopic measurements, an oscillation frequency of the sample, 
an . oscillation frequency of .he spectroscopic measurement or some ofher 
s variable which is measurable in the time or frequency domam. 

A spatial dimension might include, for example, a distance along one or 
more cartes! or polar coordinates such as a separation distance between two 
" more points in the sample, fhe size of a constituent of .he sample (. g a 
particle size) .he distance or angle between a detector and the sample, the 
„ effective o^ica pafh ,eng,h in fhe sample, or a spatial frequency o, .he sample. 
,n°he present invention, physiological and spectral interferences are 
measured over multiple dimensions so that their contributions may be 
Separated, quantified, and removed from the signals of inferes. (a g m»e 
rela.ed to the concentration of an analyfe. such as glucose). A mu f.var ate 
,5 algomnn, is employed ,o selecfiveiy extract parameters o, inferes, from fhe 
measured signals. 
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ln one embodiment, the present invention cornprises a mu^ex sensor 
and a method C use that of 
method, one or more parameters of the sam ? physiological and 

multiple spectroscopic techniques, and the interferences P 
spectra, variah.es are . reduced a multjplex 

Another ^^^ ^ enhance d se.ectivity and sensitivity, 
sensor and a method of use that prov means ofat , east two 

(a) infrared absorbance 



(b) scattering 

(c) emission 

(d) polarization, and 

consisting of: 

(a) infrared absorbance 

(b) scattering 
25 (c) emission 

(d) polarization, and 

wh Jle mC— are as a *n~- o, - « one spatia, 

, 0 ^Tother embodiment of «ne present invention comprises an apparatus 
30 and meTo^cr meas U rin 9 one or mora ^^^^o 

consisting of: 
35 (a) infrared absorbance 

(b) scattering 
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(c) emission 

(d) polarization, and 

(e) photoacoustics 

wherein the measurements are recorded as a .unction o. at leas, one tempore. 

5 * men Another embodiment c. the present invention comprises an apparatus 
and method tor measuring one or more parameters at a sample <e g the 
presence or concentration of one or more analytes) by means of at least two 
spectroscopic techniques selected from diHerent members o. the group 

10 consisting of: 

(a) infrared absorbance 

(b) scattering 

(c) emission 

(d) polarization, and 
,s (e) photoacoustics 

wherein the measurements are recorded as a function of at least one spafal 
dimension and at least one temporal dimens.on. 

Another embodiment of the present invention prov.des enhanced 
selectivity by illuminating the sample with electromagnetic radiat.on and 
recording the intensity of the reflected, absorbed, scattered, em.tted or 
transmitted radiation as a function of at least three dimensions where.n the at 
least three dimensions are selected from the group consisting of: 

(a) spectral dimensions, 

(b) temporal dimensions, and 
25 (c) spatial dimensions. 

and wherein at least two of the at least three dimensions are spectral 
dimensions. Preferably, at least three of the at least three dimens.ons are 

spectral dimensions. 

Another embodiment of the present invention comprises an apparatus 
and method for making multiple, consecutive measurements of at least one 
parameter of a sample (e. g.. the presence or concentration of one or more 
analytes) by means of at least two spectroscopic techniques selected from 
different members of the group consisting of : 
(a) infrared absorbance 
3 5 (b) scattering 

(c) emission 
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(d) polarization 

Another ^^^.ncrf selectivity and sensit.v, y. 

(a) infrared absorbance 

(b) scattering 

(c) emission 

(d) polarization, and 

(., P"°'° acous, ' CS n d apparatus and method are 

,n another embo r e t e sence or concentration o. one or more analyles 
provided tor measunn bHirub.n. M ' 

^epresentinventto; ^™r^ 0^ r' ^ 



nose. 




25 



30 



PIG , is a schematic diagram of the polarization properties o( light. 
FIG. 2 is a schematic diagram ot the skin. 

FIG. 3 is a schematic diagram o« a multiple* sensor according to one 
embodiment ot the present invention. 

FIG 4 is a depiction ot the polarization states produced when a beam ot 

right JS^^S- — - — ,hrou9h a ha " wave vanab,e 
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ret arder. A liquid crystal potation modulator Is shown, but other polarization 
modulators can also be used. 

FIG 5 is a depiction of the scattered light intensity predicted for a sample 
5 which interacts with the light produced by the polarization -delator of na 4, 
wherein the sample behaves as: (a) a linear polarizer onented at 45 . (b) a 
linear polarizer oriented at 0°, and (c) a circular polanzer. 

FIG. 6 is a schematic diagram of a multiplex sensor according to one 
1 o embodiment of the present invention. 

FIG. 7 illustrates the combination of several monochromatic light sources 
into one polychromatic light source. 

15 FIG. 8 is a schematic diagram of a multiplex sensor according to one 

embodiment of the present invention. 

FIG. 9 is a schematic diagram of a multiplex sensor according to one 
embodiment of the present invention. 

20 



25 



30 
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in order to fully appreciate the advantages of the present invention ,t .8 
helpful to review the underlying operating principles of the spectroscopy 
techniques employed herein. A discussion of several preferred spe~c 
measurements is provided below along with a description of -P°" an 
physiological and spectra, variables and their effects on these me u ements. 
A description of compensation for physiological and spectral var.ab.es ,. also 
provided and several preferred embodiments are described. 
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The multiplex approach radiation is 

When ******* : ~ m «ed Ce"en, «o which any 

reflected, scattered, ^ica, constitution of the 

o. these processes occurs depends up* lari2ation state, and angle 

semple as well as the treque cy ^^J^. 0 , tne prlo , art employ 
o« incidence of the impinging light ^a- ^ memeM 

only a s-ii tractron a a table sp^ ^ ^ ^ 

- ^ i0l09,ca ' and speo,ral 

in,6rte — are notoriousiy 

prov ides muitiple ?r^'^^"£2>- °< *» 
of the spectroscopic signal that anse trom g ibes severa , 

Aground signals. The f^^^ZX «°«™*»° 
spectroscopic techniques that are preterrea to p 
measurements in the present invention. 

,ntrared Absorbance _ vibratio nal and rotationai oscillations 

. . rsrsrjs sr. - . - - — " 

measurements. enDrtnim ; s nenerally considered 

The NIB region o, the *o>-*«^ ^ , iving 

t „ be the most useful <°«°°°[^;*^™ bands in the N.R region 
;5 tissue is largely transparent in this region^ « F > funda mental 

reS ul. primarily from the M f™ °T a Z*e*e<y weaK in intensity. 
..rational modes. ^^Z^IZL^ vibrational 
typically less than one tenth of the intensity 

sr. =nr - — - - 
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trig ,ycerides; however, measurements of g.ucose that rely on N.R spectra a.one 
constituents. 

Photoacoustic spectroscopy ii„ht 
Puised photoacoustic spectroscopy (PAS) employs pulses of l.ght 
preterabHom a laser, a, a wavelength chosen to interact with the For 
non ovale measurements, the laser pulses are tired into the ««ue and .he 

, is absorb ed by the analyte. thereby generating m.croscop.c local heahng 
£d a raW in emperature. The temperature rise generates an ultrasound 
Issure wave, which is detectable on the sudace ot the skin. Convenor- , o 

pulse o. optica, energy into acoustic energy is based £ ~ 
relaxation o. absorbed light energy into therma, energy. ™ 
thermal expansion generates an acoustic pressure wave. The magnnude 
pressure, |P1, is proportional to: 



£/3v" 

25 C„ 



30 



35 



where e is the optical extinction coefficient, (J is the therma. expansion 
ToeTcient v is the velocity of sound in the sample. C p is the spec.f.c heat of the 
samTand n is an exponent that can range between (0.5 - 2.0). In so.ut.on. 
^ photoacoustic response is similar to the infrared spectrum However, there 
are two major differences for tissue measurements: 

(a) First the optical absorption is multiplied by a factor that is 
dependent upon the speed of sound and the specific heat of the 
medium. At an optical wavelength that is absoroed by the analyte. 
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the change in the PAS signa, due ,o an analy«e 



10 



15 



20 



25 




(b) Secondly, the pho.oacous.ic response is a function of me 
ootical energy absorbed (as opposed to transmrtted). Thus, 
sc^eringTects are much le ss important .or PAS measurements 
than for optical absorbance measurements. 

Photoacoustic measurements are highly sensitive to blood glucose 
concentrations and are iess sensitive to water than other .nfrared 
mea suremen,s. due to the « « 

zzzzz^zz & * — nce r rei, spec,ra ' 

.merterams for in vivo pho.oacousfic measurements have no. been well 
characterized. 

SCa "7n 9 elec.romagne«c wave incident on an isolated mo.ecule with an 
etectron c.oud will cause .he electrons to osci.la.e abou, .he, equ.Lbr urn 

oscillator emits radiation (scatters) in all d.rect.ons pan p P 

sample with a different velocty. The parameter used ,o descr.be ,h,s 
phenomenon is called the re.rac.ive index (n) de.med as. 
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15 



n = (Co/Cs) 

SamP ' The refractive index, and therefore .he scattering, is dependent on 
i ne re»* refraction is known as dispersion, the 

frequency. Frequency-dependent °™ white |ight lnl0 colors by . 

phenomenon that gives nse and therefore n. depends on 

prism. The frequency dependence of ber and size o( the 

c, ,ne wavelengfh (X). ^ P^^^S^d the waveiengfh (Rayieigh 
scattere-s. For panicles the a e mafl wi. ™£* ^ ^ ^ Qf ^ 

— 'ST te S - <M> so—,, fhe scattering 
^C^HST^ -cause o, a mismatch hefween the 

, de , ::=n 9 o, me E cf ?£~j£zzzzsz£~ 
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A change in the glucose concentration in tissues can alter the intensity 
and directory o, scattering: however, a direc, measurement of giucose via 
scattering is scaRerjng produced by a physiologically relevant 

change in glucose concentration is extremely weak, 
tb. a change in glucose concentration can initiate a complex 
T,Z <2 hormonally-regutated metabolic reactions in the inl- 
and extracellular fluid, the products of which reactions may also 
alter scattering intensity, and 

(c) a change in glucose concentration may also alter the s.ze of the 
cells (and thus their scattering properties) via a change in 
osmolarity of the ECF. 
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as the incident radiat.on. A small tract. scattered at frequencies that 

l^uXusLs corresponding to the incident frequency p.us or m.nus a 
molecular vibrational frequency as shown below: 

VRaman = v o ± v vib 

is the Raman scattered frequency. v c is the incident (laser) 
t encyTnd v b s a vibrationa. frequency of the mo.ecu.e under study, 
frequency ana v vlb incident frequency are 

called Stokes shitted Danes Antj . stokes 

spectroscopy com k h «nH« ran be chosen. Unfortunately, the 

that are distinct from protein Raman bands can be cnosen. 

intensity of a "notmar Raman spectrum is usually weak. 

intensity ^ ^ ^ an eleotronlc absorp o„ band 

„ o, a chromophore in the molecule, .hen some vibrations associated wifhin fha. 
ch'omophore can be dramatical* enhanced. This fechnipue. known a 
Resonance Raman scattering, can be used to increase .he sensi„v„* -of ^the 

=m=ni For example NIR excitation into the heme absorption bands will 

, 5 oHhe protein Raman bands. Normal and Resonance Raman spectroscopies 
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m ay fhus yield vibrational information that is complement to that obtained by 
IR or NIR methods. 

Polarimetry . 
As shown in FIG- 1(a), unpolarized light contains oscdUons of the 

suoerimDOse to produce another plane-poianzeo w* 
o 'heT axis When the oscillations are no. in the same phase, .he 

Sssssssksssskbs^ 

ITvec or is helical. Such ligh, is said ,o be circularly polarized S.m.larfy, 

, • ^ iinh* if thP two components of oscillation along tne x axis 
^Z^'^Z^ «- — wave is « 
rrel ,n pracce, ligh. ^•^TT^S^ 

"'"^rc^f -his glucose, are molecules ,a, cannot be 

Hinht circularly polarized ligh. is measured by means of a technique called 
IT pL'Letry is a method of measuring and describing changes ,n 

— °< w up ° n imerac,ion wi,h a poiari2a,ion e : e e divded 

„ sample) The polarization properties of a polarization element can be d.v.ded 
ntoThree groups' (1) dia.fenua.ion. (2) re.ardance. and (3) depolanzahon (see. 
rexamplJ J L Pezzaniti, Mueller Matrix Imaging Polarimetry. Dissertahon, 

1 " 3> ' D,a..enua.ion re.ers to the difference in intensity of the transmit.ance (o, 
,5 reflectance) of the two polarization states with maximum and m.mmum 
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finance (or reflectance). Dianenuafion m ay be described mathematical 

aS. I max — I""" 

Diattenuation = Imaj+lmin 

u . i. the intensity of the maximally transmitted (or reflected) 
where « max « the intensity o m transmitted (of 

be , ine an ^^^f; mportant difteren c e s between diet— and 
There are suui.«, k difference in scattered intensity 

dichroism. Diatlenuafion is am*** as ft. ^ 
between two odhogona, po.anzatton ^J^^^,, states ()or a 
might be Left-oircularly poianzed versus , W tcjr ^ states 
circutar diattanuator) or Ved.cal-po.ar zed versus Honzo y P ^ 
po, a nnear diattenuator). ,n diohroism. 

, ° rth To a ::r 2 sr:;err 9 . «*- — - 

5 . between the two eigenpolanzat.on states t p unch anged by 

For an anisotropic material, retardance is given by 

5 =2rc(n r n 2 )5/X 

h n a tP the indices of refraction for the two eigenpolarization 
:r a'isTbe S si "be sampie. and X is «be waveiength o, iighf. 
states, 6 is 1 measure d as a difference in the refract.ve index 

'ZZXZXSZZ Poia-d d and Bight-circutady poiarized iigh, . H V , 
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the Left-circularly po.arized and Right-circularly po.arized beams will be rotated 

with respect to the situation in the absence of the sample. Th.s is the 

phenomenon of optical rotation. 

Chiral molecules, such as glucose, display retardance and the 

concentrations of chiral molecules can be derived from measurements off optical 
rotation angle. This angle is extremely small for physiologically relevant 
giucose concentrations, and a number of chiral molecules (e. g. fruct ° se ' 
cholesterol) contribute to the measurement in biomedical samples Se.ect.v ty 
can be enhanced by measuring the rotation angle as a function o wavelength. 

Depolarization is a process in which completely polarized hght is 
coupled to unpolarized light and is defined as 

d = p^lfflri 7P(i Liont 

Total Incident Light 

In turbid media, an incident polarized light beam undergoes multiple scattering 
events. The polarization of the incident beam is degraded with each scattering 
event, and the depolarization can be used as a measure off the number off 
scattering events in the medium. Because glucose influences the overall 
refractive index in tissue, the number off scattering interactions changes with 
varying glucose concentrations, because scatter is a strong function of refract.ve 
index As the number of scattering interactions increases, the polarized light 
becomes increasingly depolarized. Thus as glucose concentration changes, 
the scatter distribution changes and the depolarization can be monitored as an 
indirect measurement of scatter and glucose concentration. 



^5 



Emission 

In general, a molecule at room temperature will be in its ground 
electronic state <S 0 ) and its lowest vibrational energy level. Absorpt.on of an 
appropriate amount off energy (ultraviolet, visible, and some NIR absorpt.ons) 
will result in the excitation of the molecule from its S G state into the upper 
vibrational levels of a higher electronic energy level, usually the first exc.ted 
singlet state (Si). In many instances, the excitation energy is lost as heat to the 
surroundings as the molecule returns (relaxes) to the ground state. However. ,n 
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some cases, .eradiation (emission) occurs. Fluorescence and 
phosphorescence are two particular kinds ol em.ssion known, colleCvely. 

'""'"sconce usually occurs a. a lower .requency than that o, the 
incident light This is because the absorption process puts the molecule ,n an 
exaed brationa, level o. the S, excited state. Rapid decay to the lowest 
v b^ont level o. the excited state occurs before emission. The sensrt,v,.y tor 
uotcence measurements is high because the detection trecuency m. d.tteren, 
,rom the incident frequency and there is no background s.gna. from the 
excitation source. It is often possible to measure fluorescence from analy.es a. 
concentrations in the 10* M range, which is typically two to four orders o, 
maanitude below those generally provided by absorpfon .echmques. 

9 Ruorescenoe is also a powerful too, for kinetic studies because here are 
many reactions, solvent rearrangements, and moleular motions mat take place 
; Z .he same time scale as the lifetime of .he excited state (.0-6 - ,«r» seconds). 
The sensitivity of fluorescence ,o this time scale provides many 
biological systems. Fluorescence studies of biological samples can measure 
.he emission from both endogenous (natural) and exogenous (probe) 
.loorophores. Natural fluorophores include aromatic amino ac,ds. flavms^ 
0 vitamin A, chlorophyll, and NADH. Several parameters may be measured to 
provide information about the environment and dynam.cs of .he fluorophor 
under study. These parameters may be described as follows: 

The dependence of the fluorescence intensity on the wavelength of the 
. s exciting light is referred to as the excitation spectrum. Conversely, the 

H orescence emission spectrum describes the variation of the < "™ c ° 
intensity with the wavelength of .he emitted light. The posi.ion of the max.mum 
in me emission spectrum (W) is sensitive «o .he po.ari.y of the env.ronmen. 
and the mobility of the fluorophore. 
, 0 2) Fluorescence lifetime 

The lifetime of the molecule in the excited state depends on competmon 
between the radiative emission and any radia.ionless processes, such as .he 
transfer of the excitation energy to .he surrounding medium. These 
nonradia.ive processes provide an al.erna.ive mechanism for the exerted 
, « molecules to relax back to the ground state, and their presence results ,n a 

aminu«ion (quenching, of the fluorescence intensify. The-li.etime can therefore 
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be used to measure the rate constants tor both radiative and non^radiative 
processes. 

3) Quantum yield . 
The quantum yield for fluorescence (the fluorescence eff.aency) 

describes the fraction of mo.ecu.es in the excited state which are deexc.ted by 
fluorescence. The quantum yield is sensitive to the polarity of the environment 
as wel. as other quenching processes, such as resonant energy transfer and 
collisional quenching by solvent molecules. 

4) Fluorescence polarization 

For a sample of randomly oriented fluorophores excited w.th plane 
polarized light, a fraction of the fluorophores will emit fluorescence thai : ,s 
polarized in a direction parallel to the incident radiation and a fraction of the 
Suorophores wi.. emit f.uorescence in a direction perpendicu.ar to the made t 
radiation By using a pulsed excitation source and monitoring the mtensity of 
he Tluorescence emitted in directions parallel and perpendicular to the .ncdent 
radiation over time, it is possible to determine rotational time constants of the 

fluorophores. . . . 

All of the fluorescence parameters described above may be used to 
measure ana.yte properties (such as concentration or dynamics), however, all 
of these methods suffer from absorption and scattering interferences ,n the 
sample Absorption and/or scattering by the sample will produce a m.sleadmg 
result that underestimates the intensity of fluorescence emission Scatter, ng 
processes will randomize the polarization states of the emitted light. In the 
present invention, absorption and/or scattering measurements are used to 
, correct the fluorescence measurements and provide a more accurate read.ng of 
' W fluorescence lifetime, quantum yield, and fluorescence polarizat.on. 

Compensation for physiological variables 

' The combination of two or more spectroscopic techniques selected from 
those listed above provides an advantage over methods provided in the pr.or 

o art By performing measurements using two or more of the non.nvas.ve 
techniques listed above, it is possible to eliminate noise that results from 
physiological or spectral variables. In a preferred embodiment, two or more of 
the spectroscopic techniques listed above are combined substant.ally 
simultaneously. As used herein, "substantially simultaneously" is defined as 

,5 within a time period of from about 0 hours to about 1 hour or. preferably, from 
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mnro nrpfprablv from about 01o about 1 
about 0 hours ,o about 0.1 ^^oC, ^ou. 1 second, o, most 
minute, or even more preferably from aDom u 
preferably, simultaneously. 

Corrections for .issue scattering ^ ^ q( 

Light scattenng depends on the ^» B ^ (he 

the incident light as well as the difference Mnnrt. ^ 

scattering -^^a^ — - " 

scattenng ansae from the organelles, and the 

mitochondrial membranes, collagen fibers ^ ot 8 )s 

— — rhSs — by « Tissue scattering can change 
taken to mean light that is scattereo oy as ^ 

over temporal or spatial dimensions due to , vanety ^ 
-ter distribution or collagen con en ,n he w^M*^ ^ ^ ^ ^ 
as diabetes or nype«™ increasing , h e difference in 

E CF will decrease .he in de* of re W »^ m y embranes , thereby increasing 
retractive index between ' ^ W considera bi y between individuals 
tissue scattering. Tissue scattenng can vary 

dua to changes <°< 

Tissue scattenng can lead to , spu ^ ^ 

, spectroscopic measurement to a «« ° ^ ^ ^ 

a loss of transmitted intensrty due to scattenn at 9 measU rement, 
numerical aperture of the collection optics. t°<™f™ ^ 
me e„ec, is a misleading reading J « ~ lead J.n I, 

ab sorbed. Seoond^. mump le sea, a e ^ ^ ^ ^ 

5 r n r:r a :: i«nous i~ rr — - - 

The po.ar z scattering on spectroscope 

provide a complete descriphon of, he » - - • 

rrrC^^» da^-day variation in scattering. Multiple 
wavelengths may be used to enhance selectivity. 
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Absorbance measurements that are sensitive to scattering »r op«cal path 
, en9 .h can be corrected by using Known relationships between the retract,* , 
nrtex and the scattering properties ot the medium. For example, the empincal 

-d scatter intensity may be used to estimate 
e extent o. scatter a, wavelengths where direct measurement of scatter are 
ditticu For example, polarimetric measurements described above can be 
performed in the visible region or NIR region and used to norma ka 
measurements made a. Cher wavelengths, e. g. measurements ,n MR regron. 

Corrections tor pH. electrolyte concentrations, and temperature 

Vibrational spectroscopies are sensitive probes ot molecular 
contormation. In Z context o, the present invention. «^ jib— absorp on 
bands in the NIR, MIR, and Raman spectra that result from the C-O and H O H 
stretching vibrations are particularly important. The vibrational frequences and 
"s of these bands depend upon the hydrogen bonding characKnsttcs o, 
the sample In turn, hydrogen bonding is strongly dependent upon pH, 
elec roZe concentrations, and temperature. As a result, these parameters can 
cause Variability in measurements involving vibrational modes that are sens„ve 

to hydrogen bonding. 

To some degree, vibrational spectra can be -self-corrected the t * 
certain vibrational bands that arise from electrolytes can be used to Mcorrec, for 
the imoact of the electrolyte concentration on other bands (e. g. H-bond,ng 
bands Other techniques may also be used to correct the vibratlona spectra for 
electrolyte effects. For example. PAS spectra are sens,«,ve to change »n 
electrode concentrations because electrolytes alter the speed of sound tn the 
sample Thus, a PAS measurement could be used to correct the IR absorbance 

measurements for the effects of electrolytes. 

The temperature dependence of the MIR water spectrum comp cafes 
glucose measurements by providing a variable background signa that must be 
subtracted in order to reveal the glucose information. Raman sea tenng can be 
, an accurate measure of temperature. The ratio of the intens.t.es of 

corresponding Stokes and Anti-S.okes bands can be used to measure the 

temperature of a sample. 

Spatial dimensions may also be used to sort out the contnbuhons from 
PH. electrolytes, and temperature. A temperature gradient exists between the 
, outer surface of the skin and the tissue inside. Accordingly, the effects of 
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ehnnid <;ralP with the distance into the 
temperate on the measured signal from those effects doe to pH and 

selectively extracted, based upon a temporal dimension. 

Corrections lor pulsatile flow and body part movement 

Both MIR and NIR measurements are highly sensitive to body pan 
movement because the measurement is a .unction o. .he op.ical alignment and 
movement Dec Du|sati , e flow depends on the time constant of the 

P a.h te "^ 6 T h ;^7^;t e asu,emen,s, where integration times are .airly 
Z7 >Z e ZZlm can be normalized by using integration times .ha. 

T^rTan ,e pulse long. ^^^Z^ over 
) integration times, such as Raman, pulsate 

multiple measurements. sen sitive to these variables 

Phntoacoustic measurements are less sensitive iu 

coup mg efficiencies. Because vw C on<;itivP to 

, uses short laser pulses, pho.oacous.ic measurements may be less sensitive 

body part movement and pulsatile flow. 

Corrections for sample heterogeneity 

For noninvasive measurements of in-vivc parameters, the rnaden, 

30 tissues, and hence the th.ckness c P penetrates into 

rorneum can affect measurements (see mo. c). «j» k 
r."sue the radia.ion may be scattered, absorbed, reflected o, em„«ed by 
stlmures and chrcmophores .ha. can vary dynamicaily and between 
d v dTal As a .suit the beam intensi.y decreases rapidiy as i, pene.rates 
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into the tissue and the maiority o, me spectroscopy 

surta ce o, me tissue ^ d tr^t^r«-u. a, wbich me 
herein, the penetration depth, d. is the oisian 

incident light intensity do) falls to (!„ le) . ies vary with , h e 

The scattering, absorption, and emission P'°P*"' es * y 
wavelength and the polarization state °« > ^^dep s n «he tissue, and 
wavelengths may reaoh vastly d,fleren« on wavelength and 

essentially all noninvasive a iudicious ohoioe o. 

polarization. This e«eo. can be used t ^ over the dep ,h 
wavelength and polarization state This control can be used to 

t0 which the tissue will be probe £y m «*-»". hQres based on 

selectively extract **""-»!»^ ^ * within the sample, 
their predictable, or measurable, spabal ^ tor 

Spatial dimensions pedicular, i, would be 

spectroscopic -"J^^e — o. glucose in the sKin, and 
useful to measure blood glucose to m« be the measurements 

vlc e versa. Blood and interstitial ^Vsuremems in other 

o, highest clinical utility: boweve ^oose ^ ^ , ycohistlosls ( ,he glucose 

lld be measured as an ^^S. for measuring 

Wavelengths ^^^^«u». a relatively small traction 

or:^::^^ 

5 ^^rSTSr^ tbe underlying tissues and 

vasculature. ae nerally parallel to the skin surface can 

<^natial dimensions that are gener^iy v a 

Spatial aim selectivity. Spectroscopic images of 

analysis technics (sue : as ^<™™ can be useQ to 

S e r~ ■ co- — -ions or spatia, Ireouencies in the 

image. „ „ f o ticcup qamDle may reveal blood 

For example a spectroscopic image of a tissue samp.e y 
" vessels of s.zes'and separation distances. Such structures w„l 
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contribute particular spatia. frequencies to the image. S ^^™^ C pjc 
information may be obtained from these structures by collectmg a spectroscope 
ZZ Z -ording a spectroscopic vahabie as a function o, two spatial 
variables) and performing a multidimensional Fourier transform on the 
spectroscopic image. The signals resulting from the blood vessels would then 
be se lec i- ly obtained by measuring ,he spectroscopic signal in,ens,,y as a 
'unction o, s atial frequency. An additional advantage of the forego^ , me hod 
is tha, .he measured signal is relafively insensitive to changes ,n al.gnment or 

SamP ' Th^ltng non-limifing examples will turther iilustrate this invention. 



temple 1 



FIG 3 is a schematic diagram of one embodiment of the present 
invention. The embodiment comprises a multipiex sensor tor measunng one or 
more parameters in a sample, e. g. the glucose concentrate ,n a fmger 

IR light from a broadband IR light source f 01 is focused by a lens 102 
and oassed through an optical filter 105 to produce a narrow band of l.ght 
Op icaT^r 105 can be any fiiter having a predefined wavelength of maxrmum 
transmission (X max ) and a predefined spectral bandpass (Av,*) _ For exampe, 
optica, filter 105 might consist of a dieieclric filter, a holographic ,„.er. or a <h,n 
polymeric film. Optical filter 105 may be secured in a fixed holder or 
alternatively it may be held in a filte. wheel 125 that may contains other opt, cal 
; :; S having different values o. X ma , or Av„, . In operation, filter whee 125 can 
be rotated to provide one or more filters in the optical path having predefined 
optical properties, such as a preselected X m „ or Av 1/2 . 

The filtered light is focused onto a body part, e. g. a fmger 1 17. by a 
tocusing means comprising, for example, lenses 103 and 104. While a finger 
has been -ed in the present examp.e. it should be understood that other body 
parts, such as the earlobe, may be preferred, depending upon i the 
measurement to be made and the physical characters of the bod part 
Lenses 102 103. and 104 are. preferably, achromatic over the wavelength 
anges used tor the measurement. ,« should be understood thai 
means for providing focused light may be substituted for lenses 102. 103. and 
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10 4. Such tocusing m eans migh. ^^^^Z^l 
as a parabolic mirror, a Cassegrain mirror, or the like. Refl ect,ve i f _ 
advantage o. being less susceptible to chromatic aberrations, particular* in the 

'"'^trnslTloa 103, and ,04 may be he.d in a fixed position or 
alternate y may be moved in order to alter the tooal point within the „ssue or 
auhetste surface. Such an altered local point might comprise, for example, a 
-PO--s,ran^ 

:r:r b :rd^ 

on e otsed i gh. beam. Mernatively. a defocused beam of light may be used 
t IS. power density a, the tissue surface or for imaging applications 
whTe it is desirable to distribute light evenly across fhe tissue sample. 

Detector 108, which is typically disposed on the opposite s,de of the 
finger Source 01 . measures the intensify of .he IB light the, is 
Zugh the finger. In operation, de.ecfor 108 may be used to measure the „gh, 
intensity at one or a plurality of different wavelengths. 

The determination o, one or several parameters of interest (e. g. the 
concentration of various analyfes such as glucose) may be made by companng 
heTansmitted intensity 10 a calibration standard .or the parameter o. interest or 
by comparison to a physical model of the sample under examination. 
Wavelengths in the range of 600-3000 nm may be selected^ 

A reflective or partially reflective optical element, such as a neutral 
oensity -life, 106, diverts a small fraction o. fhe mtered W<™Z7 7 The 
throuoh lens 120 which focuses the light onto a reference detector 107. The 
e e ence de,ec,o r provide s a signal fha. is proportional ,o the light intensity 
n ^en on .he finger and can be used .o normalize ,he measured .ransmittance 
signals wi,h respec, to fluc.ua.ions in .he intensity of .he light from source 
For photoacoustic measurements, light from a light source 115, 

, prefers Jy a diode laser, is collima.ed by a lens 1 1 9 and re.lected by a re.leCve 
e ement 24. such as a dichroic beamsplitter. „ should be understood the 
aLnative reflective elements, such as a holographic filter, may also be used 
^operation, reflective element 124 is predominantly ret.ec.ive tor the exc.alion 
wavelength and predominantly transmissive a. other wavelengths. For 

5 example , a dichroic beamsplitter that is 90% reflective at the wavelength 
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■ emitted by light source ,15 and 90% .ransmissive tor longer wavelengths may 

158 "^Returning to FIG. 3, the light that is reflected by reflective element 1 24 is 
focused by lens 126 onto the finger 117. Lenses 126 and 127 are preferably 
5 achromatic over the wavelength ranges employed for excitation. 
' A photoaccustic detector 163 is disposed adjacent to the finger 117 In a 
preferred embodiment, the PA detector 163 is in contact with the finger In a 
particularly preferred embodiment, the PA detector 116 is held igMta 
finger by an external force provided by, for example, a spnng, a chp, or an 
in inflatable cuff (not shown). 

Light source 115 is switched on and off (pulsed) repetit.ve.y. preferably a 
a frequency of between about 0.1-10 kHz. Detector 163 generates an electrical 
signal in response to the applied acoustic wave. Detectors such as a 
piezoelectric transducer made of a material such as lead metan.obate, lead 
1 5 zirconate titanate, or polyvinylidene fluoride may be used. 

A material that improves acoustic coupling between the f.nger and the 
acoustic detector may be used to enhance sensitivity. Such coupling materials 
act to reduce the acoustic impedance mismatch between the detector and the 
sample and may include a polymer or a gel that is both non-toxic and capable 
20 of providing enhanced coupling efficiency. 

An important point regarding the present invention is that ,t does not rely 
upon a knowledge of the "degree of absorption" of the sample. Analyte 
concentrations may be determined directly by comparison to a calibrate curve 
that relates the acoustic signal intensity to the analyte concentrate. 
25 Normalization of the acoustic signal may be accomplished by a number 

of alternative means. For example, the measured photoacoustic signal may be 
normalized to the intensity of the light emitted by light source 1 1 5. Alternately, 
a measurement of the scattered intensity may be made at detector 1 22 (as 
described below). 

,o Although a single light source is shown for this example, it should be 

understood that multiple monochromatic light sources could be substituted for 
light source 1 1 5 without departing from the spirit of the present invention. 
Multiple light sources could also be multiplexed to provide a measurement wrth 
higher throughput, thereby increasing the signal to no.se ratio. 

, 5 As shown in FIG. 3, light from a light source 109. preferably a diode laser, 

is collimated by lens 1 1 0 and passes through a circular polarizer 1 1 1 and a 
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nresent invention including, for example, pnuiue + ^ r ^ are 

^To preferably, in comae, with the finger f 17. A circ U ,ar polanzer ,s 

skin or most preferably, in contact with the skin. The placement of detectors 
feo 161 and n 62 Cose to or, preferably, in contact wifh fhe skin provdes 
several advantages including: 

(1 ) the capability of resolving small angular and spatial distributions of 
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^r^n opfical sea, between the detector and the skin, thereby 

T?££%£~~°'- ,he ' eby ,ncreasin9 the si9nal "° 

noise ratio. 

As shown in Fig. 3, three detectors 160. 161 . and 162 are used to detect 
the backscattered radiation; however, if is to be understood the a d,«e en. 
number of detectors can be used. Detectors ,60, 161. and 162 generate 
elecuTca, signals ,ha, are representative of the intensity and polanzahon , » . 
ma scattered radiation. These electrical signals can be analyzed by means o, a 
o kTn amplifier tha, is tuned to the modulation frequency o, the polanzat.on 
modulator or harmonics of that modulation frequency. Alternately, the 
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electrical signals produced by .he detectors , 60. 1 61 , and 1 62 can be digitized 

re ,arder The figure shows a schematic of a common liquid crystal moduiator 
'a 6 atned nematic liquid crystal moduiato, The three essentia tea ur o, *. 
nematic liquid crystal material are that (1) on average, the,- long axe al gn w„n 
aspect to one another. (2, they display birefringence aligned with the r long 
. ™ a n electric field will cause them to tilt in the directum of the electnc 

class substrates and maximum retardance is achieved. When a voltage rs 
apptd « ™ ecules begin to 'tip' perpendicular to the windows. As 1 a 
Xe increases, molecules tip further, thereby causing 
effecle retardance. The figure shows the two cond, Irons or «ve 
retardance and zero retardance. and the resulting polanzahon states. The 
;~n befween hat. wave and zero retardance is smooth, allowmg a smoo.h 

a sinusoid a. .he modulation frequency of the polanzafon modulator. As the 
deTo^ation of .he sample increases, .he frequency of modufction ; oes no, 
change bu, .he amplitude of the modulation does. The amplitude of the 
IdTaiion is proportional fo the amount of depolarization in .he sample. The 
linear diattenuation is proportional to a frequency that ,s two ,,mes the 

mo «T:::r;z>z:^z - * e — ~ , :r and 

lengths .0 enhance seiectivify. rj^TT^Z^ 

2JSb» tecording fhe ligh, fha, is transmitted fhrough patterne mirro 
m and focused onfo de.ec.or ,07. The intensity o, ligh, a, .he fmger , ,7 can 
0 be derived by reference ,o a calibration performed at the factory. ^ The 
polarization measurements described above may be related to .he 
concentration of at leas, one analyte in the sample by companson to a 

""Jig again to FIG. 3. the presenl invention provides a means for 
„ performing Baman and emission measurements as follows, tight from a kflht 
source 1 15. preferably a laser, is collated by lens 1 1 9 and reflected by a 
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dichroic beamsplitter 124. The reflected light is focused by lens 126 and 
impinges on the finger 1 17. At least one of Raman scattering fluorescence, or 
phosphorescence is collected and collimated by lens 1 26 and focused by lens 
127 onto a wavelength selective element 121. Lens 127 is preferably opt.m.zed 
to concentrate the incident light beam onto detector 107 and to match the 
geometrical characteristics of the collected light to the size and acceptance 
angle of the wavelength-setective element 1 21 and the detector 1 22. In a 
preferred embodiment, a Rayleigh rejection filter 152 is inserted in the optical 
path between lens 127 and wavelength-selective element 121. Rayle.gh 
rejection filter 152 may comprise, for example, a holographic filter, a ^pers.ve 
element combined with a spatial filter, a die.ectric filter, an electro n.ca.ly tunable 
filter such as an acousto-optic tunable filter (AOTF) or a liquid-crystal tunable 
filter (LCTF), or any other filter having suitable Rayleigh rejection character.st.es. 
In a preferred embodiment. Rayleigh rejection filter 152 compr.ses a 
holographic filter. 

Wavelength-selective element 121 allows certain wavelengths of light to 
be transmitted to the detector 122 by means of either a dispersive or 
interferometric selection mechanism. Wavelength selective elements, such as a 
Czerny-Turner monochromator, can be used in a scanning mode with a po.nt 
detector or, preferably, the wavelength selective element is coupled to an array 
detector. A typical array detector may be a silicon photodiode array or. in a 
preferred embodiment, the array detector may be a charge coupled device 
(CCD) or Charge Injection Device (CID) detector. InGaAs detectors are 
optimized for the NIR and can be operated at room temperature or cooled to 
liquid nitrogen temperatures. 

Wavelength selective element 121 may alternatively comprise a 
dielectric or holographic filter or a tunable filter such as AOTF or a LCTF. An 
advantage of such tunable filters is that they contain no moving parts and can 
be rapidly tuned to one or a plurality of different wavelengths. With the inject.on 
, of a combination of radio-frequency signals into its transducer, the AOTF can act 
as an electronically controllable, multiplexing spectrometer. If used in 
multiwavelength mode, multiple wavelengths can be measured essentially 
simultaneously. 
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FIG 6 shows an alternative embodiment of the multiplex sensor shown in 
FIG 3 ~,s having .he same reference numerals in FIG. 6 have , he same 
identifies and descriptions as in FIG. 3. The embodiment shown ,n FIG. 6 
comprises several additional elements. 

Infrared Absorbance 

ODtical filter 130 comprises a tunable optical filter, such as an AOTF, a 
LCTF orCo her filter .ha, is .unable and allows for .he passage of one or 
ZIZZ bands of light. Multiple ligh, pulses having different , «-e,eng hs 
Z be transmitted consecu,ive,y overtime or. alternative^, may be ua sm,«ed 
essentially simultaneously. De.ector 108 measures he transm 
one or a plurality o. different wavelengths. A multrplexmg algonthm may be 
usee Mn combinalion with filter 130 and de.ec.or 108 in order ,o measure .he 
transmitted intensity at several wavelengths. 

As shown in FIG. 6, the combination of a broadband Itgh, source , wrtn 
tunable optical filter 130. produces one or more narrow bands o, rad.atton 
havtna selected wavelengths. II should be understood that an equrvalen, 
hav.ng seiecteo wave y subst i,uted without departing from 

means for proving broadban l,gh, an be_ u ^ 
thP sDirit of the present invention. Por example, u..c m 
compose me combina.ion of severe, monochromatic ligh, sources m.o one 

bea m as showr Qf (hree sources 701 , 702 Bnd 70 3 

naving dmerem wavelengths X„ X 2 , and X, Ligh, emitted ^ 
701 and 702 is incident upon dichroic beamsplitter 705. whrch an- most of 
Z „gh, a, wave,eng,h X, and reflects mos, o, .he ligh, a, * 
result a polychroma,ic beam o, light having a components a. two drf eren, 
weve engths namely X, and X 2 , is produced. This combined beam the 
Ipinges upon dichroic beamsplitter 706. which transmits W 
„ ,, P and X 2 and reflects ligh, a, X, In principle, .his method could * m« ,o 
oombine as many ligh, sources as needed for .he measurement Other means 
comuiiiB da ma j * Ko^mc; are well known in the art and 

for combining multiple monochromat.c light beams are wen k 
may also be substituted for the broadband light source 101 in the present 
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invention. M *. a. one or 

transmitted consecutively over time or may be transm.nea 



simultaneously. Dolar ization modulator 112 comprises two 

Returning again to FIG. 6, poianzauu . . j _ t no therebv 

^ ic7 i inpar nolarizer 11 1 is oriented at 0 , tnereoy 
variable retarders 168 and 167. Unea ^ first variable retar der 

One aavan ^ . parts tha , can introduce vibrational noise 

Z\::~ZT^oZ, l - achieve modu,a,ion frequencies ,hat 
are ZZZ .he characteristic frequencies o, physiological 
Another advantage o. these modulators is that they are rnexpensrve to 

manU, ri:o:nTn S B3 Ua e n, rii S n' a .e detector ,14 measures the intensity o, the 
scanereo adiln as a tunction o, the incident po.ariza.ion -- ^=,0,1, 

• , oomt riPtector or an imaging detector, such as a CCD, a ClU. in 

as L phldiode. has a .aster response time than the CCD and there ore ,s 
more amenable to high frequency modulation and detection schemes. In an 
2rna,Tve embodiment, the scattered ,igh, is measured using an imaging 
alte. native em An imaging detector has the capability of 

, t^Xl^Z^ a fund o, one or mere spatial dimensions 
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3,0n9 "be defc-ibed more fully below, some polarization measurements 
(e g. depolarization) requite the placemen, o. a polarization state , analyzer 23 
between the finger and the defector ,14. Typical polarization state analyzers 
rn^y Include a pho.o-elastic modulator followed by a linear polarizer, a liquid 
"ysta, variable retarder followed by a linear retarder, an elec.ro-op.ic crystal 
followed bv a linear retarder or a polarizer. 

° ,n a preferred embodiment, polarization state analyzer 123 ,s . s.mple 
thin mm polarizer, such as a stretched polymeric film, positioned ,n < on, of the 
detector ,08. The polarize, may be etthe, a linear polarizer or a circular 
po artier In a particularly preferred configuration, depolarization ,s measured 



38 



WO 99/27848 Q Q PCT/US98/2496, 

by mating the incident polarization state as shown in RG. 4, and anaiyzing 

the scattered light with a fixed polanzer unders tood that other 

Although a linger is shown in FIG. 6, it snouia ue u 
Aixnougn y nreferablv used for depolarization 

hodv Darts such as an earlobe, may be prereraDiy use 

'° "'^m souTl64 is a broadband Ugh, source or a combination of several 
narrow band o U es (as described above and in PIG. 7) A ..unable optica, « 
165 such as an AOTF as described above, is used Jo select one or ntore 

maximum coupling efficiency. The detecror cu BOnsi , lv i t v or 

20 comprise any other geometrical shape the, maximizes °' 

the body part. 
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PIG 8 shows an alternative embodiment of the multiplex sensor shown ,n 
FIG 3. Bemems having the same relerence numerals in PIG. 8 have the same 
identities and descriptions as in FIG. 3. The embodiment shown ,n FIG. 8 

mmP r^Z^™. a multispectral imaging system that 

uses m", p^ spectral dimensions (i.e. ,R, Raman. Fluorescence etc.) an one 
or more spatial dimensions. Additionally, a series of measurements may be 
performed over time, thereby adding a temporal dimension. 
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Light from broadband light source 164 is collima.ed by lens 119 and 
passes" high optica, titer 165 and polarization modulator 803 before be,ng 
retTedTre«e*e elemen, 124. Light tha, is rellected by »«^ « 
184 passes through a tocusing means, such 
5 Microscope elective 802 is preferably corrected to prov.de a flat image f,e.d 

and is achromatic. advantage. First, multiple 

The system shown in FIG. 8 exniDits sever* a 
spectroscopic images may be recorded. The system shown in RG. fmflNU* 
example, be used to measure a temporal oscillaf.on n one or more parameters 

' ° " Bytmg imaging detectors and image analysis techniques, such as^ 
ntuKidimensiona, Fourier transform, .he signals that are contained , particular 
spatial frequencies across an image plane of the tissue sample may be 
s^ d For example, a spectroscopic image o, a tissue sample^ contain 
„ biood vessels of regular sizes and such structures w„l con.nbute 

spatial frequencies ,o the image. Spectroscopic Information may * ^obfamed 
from these structures by collecting a spectroscopic image (,. e., an image at 
Zrwavelengths, and performing a muitidimensiona, Fourier transform on 
the spectroscopic image. Other image processing techmques, such as 
20 segmentation, may also be employed. ^ 
The systems described in FIG. 8 can be used m con,unct,on with a 
pattern recognition algorithm ,o determine if the noninvasive instrument. s ^ in the 
appropriate position for making a measurement. Positioning coul b ad,us«ed 
as pad of a calibra.ion routine or, alternatively, could be a monitored as a 
25 function of the signal intensity produced by one or more parameter ; o .he 

sample. Such a system could be coupled to an alarm to warn the patient when 
the sensor is not positioned properly. Optimally, .he alarm may '™lude a 
directional indica.or. which would allow .he pa.ien. to move .he sensor to .he 
proper position for measurement. 
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Fvam ple 4 



An exploded view of another embodiment of the present invention is 
provided in FIG. 9. Device 201 is a hand-he.d. noninvasive multiplex sensor 
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that may be used tor measuring at least one parameter (e. g. the concentration 
of an analyte such as glucose), in a sample, (e. g. a body part). An act.vat.ng 
button 202 is depressed by the user to activate the instrument pnor to use. 
Optical head 203 contains an array of light sources and detectors and an optical 
window 204, which is transparent to the light that is emitted or detected by 
device 201. Appropriate light sources may be. for example, infrared emitting 
diodes (IREDs) or laser diodes. Photodetectors 207, which are also prov.ded 
inside the optical head, measure the light that is backscattered by the sample. 
Preferred photodetectors may be, for example, a photodiode, a charge coupled 
device or a charge injection device. Any other suitable detector may be used. 
The detectors are preferably optimized for a given wavelength range and may 
consist of, for example, silicon. InGaAs, Ge, or PbS detectors. Photodetectors 
207 are attached to a preamplifier board 208, which contains electron.c c.rcu.try 
in accordance with its function. Batteries 206 provide power for the device. 
Optical window 204 could also be designed to filter out stray ambient light, 
thereby further reducing noise in the measurement. 

Several preselected wavelengths of infrared radiation are focused onto 
the sample. Radiation that is reflected, emitted or scattered by the sample is 
collected by detectors 207. Quantitative analysis is performed by the central 
processing unit 215 in conjunction with a multivariate calibration model and 
algorithms stored in module 217. A concentration value is subsequently 
displayed by a display unit 212. which is connected to the central processing 
unit 215. Display unit 212 is preferably a liquid crystal display, which is large 
enough to be easily read by patients with visual dysfunction, such as that 
caused by advanced stage diabetes. Alternatively, an audible readout may be 
provided. 



Exam ple 5 



One embodiment of the present invention provides a method of 
measuring in-vivo glucose concentrations that combines measurements of 
infrared absorbance (in both forward and backscattering geometries) with 
diattenuation measurements. The results of these measurements are shown in 
Table 3 below. 
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Table 3 



Wavelenath (nm) 


%CV 


1 ooo nm 


26.1 


1150 nm 


25.9 


1400 nm 


23.8 


1650 nm 


23.1 


633 nm 


26.2 


633 nm 


25.6 




17.2 




16.5 



Measurement 

1 . IR, Forward Scattering 

2. IR, Forward Scattering 

3. IR, Backscattering 

4. IR, Backscattering 

5. DC scatter 

6. Circular diattenuation 

7. 1-4 combined 

8. 1-6 combined 

The precision ot the combined IB absorbance meesurements is described by a 
coeS o, variation (%CV, o, 17.2. As shown in Table 3. the -easurmen, 
precision is improved (%CV = 1 6.5) by combining the d.attenuahon 
measurements with the IR absorbance data. 

f vamnle 6 

Another embodiment of the present invention provides a method ol 
measuhntblood glucose that is corrected tor spectral variables such as water 
(tissue hydration), hemoglobin, tissue scattering (refrachve index , and 
emperature) by means o, a combination ot ^' e ~ ^ " c a 
techniques. Specifically, glucose measurements are performed using a 
combination of infrared absorbance, photoacoustics, and scattenng 
measurements. 

Fxample 7 



Another embodiment ot the present invention involves a method of 
measul the concentration of at least two ana.ytes as a action of at least two 
spectral dimensions, one spatial dimension, and one temporal d.mens.on. 
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A sample is illumina,ed with infrared light and the "J*"*™ 09 " 

me asured as'a funCon o, fhe length °< ^d^rbance 
^rr:::^ ^ — n namely, the wavelength 

reZrr 0 rdTrr Pl e p **- r -» — , :r ne 

additional complementary spectroscopic techn.que ,s applied, (e. g. Raman 
sc^eTg pho'oacoustics. polarimetry. tluorescence spectroscopy, etc.) 
« adding a, least one more spectra, dimension ,o ,he m = ent. 

^TntZZr^XTZ* -enslon o, the samp, may be 

measurements described above are 
order to measure a temporal dimension. The * 
sample constituents are thus measured as a fundon of at least two spectral 
dLnsions, a, least one spatial dimension, and a, leas, one temporal 

''"'"Recording the interactions of the incident light with the sample over 
muKp TZ ensLs enhances the se.ect.vity for fhe parameters, o in eras, by 
lowing for the separation, identification, and quantification of mumple 
contributors to the spectroscopic signal. Physiological anc spec. a. 
interferences may be removed by virtue of the.r predidable or measurable 
ntributions in any o, the spectral, temporal, or spatia, 

Various modifications and alterations of this invention w,l. ^° me 
apparent to those skilled in the ad without depaning from the scope and sp n. of 
h mvention. „ shou.d be understood that this invention is no, to be undo* 
limited ,o the illustrative embodiments se, forth herem but. rather, by the scope 

fl °* " ^arnpt while ,n-vivo glucose measuremen, has been the target o, 
' me current work, other measurements, in-vivo or in-vitro, needing improved 
spe iX could bene,!, from measurements wi,h <^££%££. 
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ph ysio-pa,hol= 9 ic. state ofthe pa«ef, Howeve^ ^ Q( , 

interstitial fluid (ISF). cerebrospinal fluid (CSF). plasma ur, , q 

saliva, and sweat may also be used with the ipresen « -"T^ 1 ^^ pan 

multiple spectroscopic measurements may be performed 

nr alternatively different body parts may be employed where there is an 

advamaTdu" engineering design, spectroscopic signal intensity, or pa„en, 

C ° mPa A b !!ane,y o, wavelengths of light may be used without W «» 
. ■ +i ™ ihpsIIv the wavelengths should be selected 

generally less costly and more amenable to frequency modulation and 
5 detection schemes, an alternative embodiment could use detector arrays, such 
as a photodiode array o, a charge-coupled device (CCD) array, for mulh- 

WaVS ' wtn"ng mulfiple measurements, I, is important to optimize the 
sensitivm To each detector while minimizing crosstalK wifh the other dehors 

,o TO tha, L. various filters and the liKe that transmit only the waveleng h(s of 
interest may be placed in front of the detectors. Such filters may include, for 
e ample dLecthc filters, holographic filters, and tunable filters, such as an 
Acousto OP.IC Tunable Filter (AOTF). Alferna.ively. frequency moduUon may 
be used ,o distinguish the measured signals of one spectroscope technique 

3 5 from another. 
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The development o. detectors having sensitivities extending continuously 
,rom visible wavelengths into the infrared will permit the use of a smgte 
defecor. or defecfor array without the need to ^/^^^ body 
convenient optical fibers may be used to deliver and collect light from the body 
par, Optical «bers have the advantages of lower cos,, ease o, manipulation ,n 
clinical setlinos and possible endoscopic applications. 

For pracfica, use. the measurement device should be convenient and 
easily operable by a person with no particular skill in the physical sciences. 
The oversize of the device should be comparable to commercially available 
invasi g se monitoring devices, i. e. small enough to «» 
hand of the user. It should no, require power densities ,ha, will cause harm ,o 
the oatient and it should be economical to purchase and operate. 

P For noninvasive measurements on a body part, an insert may be adapted 
,o change the shape o, the body part or to change the physical relationship 
between , he transducers and the body part. For example, the insert might to 
adapted ,o increase the pressure applied to the body part by the transducer. 
Such a change migh, be made, for example, to alter the acoustic : coupling 
efficiency between the skin and the detector. The sampling rata of any o, the 
above listed spactroscopic variables may be adius.ed to correlate w„h 
oscillations in any of the physiological variables of the sample. 
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What is claimed is: 

1 . A method for measuring at least one parameter of a sample 
comprising the steps of: 

(a) illuminating said sample with light; 

5 (b ) performing at least two spectroscopic measurements, wherein 

said at least two spectroscopic measurements are different members of the 
group: 

infrared absorbance, 
scattering, 
10 polarimetry, 

emission spectroscopy 

photoacoustic spectrsocopy, 

provided that said photoacoustic spectroscopy does not rely upon a degree of 
absorption; 

1 5 (c) analyzing said spectroscopic measurements to determine a 

measurement of said at least one parameter of said sample. 

2. The method of claim 1 wherein said sample comprises a body 

part. 

3. The method of claim 1 wherein said at least one parameter is the 
20 concentration of at least one analyte. 

4. The method of claim 3 wherein said analyte is glucose. 

5. The method of claim 1 further comprising the step of measuring at 
least one spatial dimension. 

6. The method of claim 1 further comprising the step of measuring at 
25 least one temporal dimension. 
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7 The method o. claim 1 further comprising «he steps o. measuring a. 
,eas. one JZTZn-on and a. tees, one tempore, dimensron. 

8 The method of Cairn , wherein a, teas, two of said spectroscopic 
measurements are made substantially simultaneously. 

9 . The method o. Cairn 1 wherein at ieas. two of said specroscoplc 
measurements are made consecutively. 

no The method o, Caimt further comprising .he step of removing an 
interference related to a. leas, one physiological vanable. 

, , The method of claim t further comprising .he s.ep o, removing an 
0 interference related to a. leas, one spectral variable. 

, 2. The me.hod of claim 10 wherein said physioiogical variable is 
selected from the group consisting of: 

(i) temperature 

(ii) pulsetile flow 

15 (iii) tissue scattering 

(iv) sample heterogeneity 

13 . The method o. claim t f wherein said speCre, variable is seleCed 
from the group consisting of: 
(i) a protein 

20 water 

(iii) a fat 

(iv) a chiral molecule 
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14. The method of claim 1 0 wherein said physiological variable is 
corrected by means of a: 

(d) a spectral dimension 

(e) a spatial dimension 

(f) a temporal dimension. 

16. The method of claim 1 1 wherein said spectral variable is corrected 
by means of a: 

(j) a spectral dimension 
(k) a spatial dimension 
o (|) a temporal dimension. 

1 6 The method of claim 3 wherein said analyte is selected from the 
group consisting of: glucose, alcohol, blood urea nitrogen (BUN). b„ub,n, 
hemoglobin, creatine, electrolytes, blood gases, and cholesterol. 

17. The method of claim 3 wherein said analyte is hemoglobin. 
15 18. The method of claim 3 wherein said analyte is glucose. 

1 9 . A method of determining the concentration of at least one analyte 
in a sample comprising the steps of: 

(a) illuminating said sample with light; 

(b) measuring at least one of diattenuation or depolarization; 
( b) relating the measurement of step (b) to the concentration of said at 

least one analyte. 

20. The method of claim 19 wherein said at least one analyte 
comprises glucose. 
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21 . The method of claim 1 9 wherein said at least one analyte 
comprises hemoglobin. 

22. An apparatus for performing polarimetric measurements on a 
sample comprising: 

at least one light source, 
at least one polarization modulator, and 
at least one detector, 
wherein said detector is close to the surface of said sample. 

23. The apparatus of claim 22 further comprising multiple detectors 

24. The apparatus of claim 22 further comprising a polarization 
element between said detector and said sample. 
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